Introduction
Gold nanoparticles (Au NPs) due to their unique physical, chemical and optical properties have been widely used in biomedical applications such as biosensors, clinical chemistry, immunoassays, optical imaging and the monitoring of cells and tissues. [1] [2] [3] [4] [5] [6] As the gold core is generally inert, toxic-free and biocompatible, it is a favourable starting material for carrier construction. [7] [8] [9] [10] [11] [12] [13] For instance, positively charged gold nanoparticles have been developed for drug and gene delivery. [14] [15] [16] [17] [18] In general, cationic gold nanoparticles are synthesised in the presence of surfactants such as cetyl trimethyl ammonium bromide (CTAB). [19] [20] [21] Of note, positively charged Au nanoprisms have been synthesised by Millstone et al. using a three-step mediated seed growth process in an aqueous solution of CTAB at a concentration of 50 mM (50 times the critical micelle concentration of CTAB). 22 In addition, Au nanostructures with shapes ranging from 3D octahedra, triangles, to 2D hexagonal nanoplates have been obtained through changes in the CTAB concentration, used as both a reducing agent and capping ligand during hydrothermal treatment of chloroauric acid. 23 The successful application of Au nanoparticles in biomedical applications requires tunable particle sizes and morphologies as well as an assessment of their toxicity. [24] [25] [26] [27] [28] The presence of surfactants during the formation of Au nanoparticles may affect their nal size and their shape diversity; this is due to specic adsorption of Au-surfactant complexes on the facets of the nanoparticle seeds that limit their growth and enhance their anisotropic shape. 21, 29, 30 In addition, many studies have shown that the biological uptake of positively charged nanoparticles is higher than their negatively charged counterparts, but with positively charged Au nanoparticles produced from CTAB showing a high level of biological toxicity. [31] [32] [33] Therefore, in the synthesis of Au nanostructures for biological applications, there is a requirement to avoid the use of highly toxic chemicals and surfactants such as CTAB, and move towards surfactant-free synthesis methods. 34, 35 Alternatively, Au NPs using various cationic materials as protecting agents, e.g. amine, polyethylenimine (PEI), poly-Llysine (PLL), poly (diallyl dimethylammonium) chloride (PDDA), cationic chitosan and lipids, have recently been developed to produce positively charged Au NPs for application in the delivery of biomolecules. [14] [15] [16] [17] [18] [36] [37] [38] For instance, Bhumkar and co-workers reported the transmucosal delivery of insulin using chitosan-reduced Au NPs. 15 In this study, chitosan was used as a reducing agent to produce the Au NPs, and being a polyelectrolyte it also played a role as an electrostatic stabiliser. The oral and nasal administration of insulin formulated with chitosan-reduced Au NPs improved the pharmacodynamics efficiency in terms of blood glucose levels (BGL) in diabetic rats. 15 Furthermore, Kong et al. developed cationic lipid-coated Au NPs (L-Au NPs) for the efficient delivery of therapeutic siRNA, 16 In Kong's study, hydrophobic dodecanethiol-capped Au NPs nanoparticles of about 5 nm were produced through the reduction of a Au(PPh3)Cl complex in presence of dodecanethiol using Borane-tert-butylamine complex as reducing agent in benzene, a method well known to produce gold nanoparticles with diameters below 10 nm. These nanoparticles were transferred into water by using a modied emulsication/ solvent evaporation method. 16 Three different lipid components L-a-dioleoyl phosphatidylethanolamine (DOPE), cholesterol hydrochloride (Chol) and (3b-[N-(N 0 ,N 0dimethylaminoethane)-carbamoyl]-cholesterol (DC-Chol) were used to coat the hydrophobic dodecanethiol-capped Au NPs through hydrophobic-hydrophobic interactions. The resultant cationic lipid-coated gold nanoparticles (L-Au NPs) were obtained aer several purications through centrifugation and excessive dialysis with deionised water, aer which they were also able to effectively condense siRNA through electrostatic interactions and demonstrated efficient gene knockdown in a variety of cell lines without showing signicant cytotoxicity. 16 In this article we describe a seeded-growth method for synthesising nearly spherical positively charged Au nanoparticles directly in water over a wide range of mean diameters (2-200 nm), avoiding the use of toxic surfactants and organic solvents such as benzene or toluene. L-Cysteine methyl ester hydrochloride (HSCH 2 CH(NH 2 )COOCH 3 $HCl) was chosen as the capping agent, because the mercapto group (-SH) is known to have a high affinity for Au, allowing anchoring of cysteine to the nanoparticles, 39, 40 while the ammonium group (-NH 3 + ), formed by the presence of an amine group in slightly acid aqueous media, results in positively charged nanoparticles. The presence of the positive charges on the surface of Au NPs is a key to the electrostatic stability of the nal aqueous colloidal solution. Additionally, cytotoxicity studies of positively charged Au-Lcysteine nanoparticles were performed using human and murine cell lines, showing improved cell viability compared to positively charged and excessively puried Au NPs synthesised using CTAB as a capping ligand. Moreover, Au NPs with diameters greater than 100 nm demonstrated effective complexation of siRNA (one of RNA interference (RNAi) effectors, a class of double-stranded RNA molecules, which can regulate gene expression post-transcriptionally). The Au NPs demonstrated comparable cellular uptake of siRNA relative to INTERFRin™ (a PEI-based commercial transfection reagent), suggesting their role as a promising nucleic acid delivery vector.
Experimental

Chemicals and materials
Gold(III) chloride (AuCl 3 ), sodium borohydride (NaBH 4 ), hydroxylamine hydrochloride (NH 2 OH$HCl), cetyl trimethyl ammonium bromide (Au NPs-CTAB) were purchased from Sigma Aldrich. L-Cysteine methyl ester hydrochloride (HSCH 2 CH(NH 2 )COOCH 3 $HCl) was obtained from Fluka. All products were used as received. Puried H 2 O (resistivity z 18.2 MU cm) was used as a solvent. All glassware was cleaned with aqua regia (3 parts of concentrated HCl and 1 part of concentrated HNO 3 ), rinsed with distilled water, ethanol, and acetone and oven-dried before use. The original seeds were prepared as follow: to an aqueous solution (77 mL) of AuCl 3 (0.5 mmol L À1 ) was added 0.75 mL of a 51.6 mmol L À1 L-cysteine methyl ester hydrochloride solution and the mixture was stirred gently. Aerward 0.27 mL of an ice cold solution of NaBH 4 (144 mmol L À1 ) was added rapidly. Aer addition of NaBH 4 , an instantaneous colour change from pale yellow to deep brown was noted. The resultant nanoparticles obtained had a mean diameter of 1.9 nm (s ¼ 0.4 nm) as determined from TEM images analysis. The Au NPs-L-cysteine seeds were used in the next hour as seeds for GR1 and GR2 respectively.
2.2.2. Seed-mediated growth of Au NPs. Large diameter Au nanoparticles were synthesised based on a seed-mediated growth method using hydroxylamine hydrochloride as a reducing agent. [40] [41] [42] In a typical procedure, to an aqueous solution (50 mL) of AuCl 3 (0.5 mmol L À1 ) was added 0.49 mL of a 51.6 mmol L À1 L-cysteine methyl ester hydrochloride solution and different volumes of the colloidal seeds solution, the mixture was stirred gently, aerward 0.33 mL of 115.8 mmol L À1 NH 2 OH$HCl was added and the solution was stirred for few hours (between 2 and 18 h).
For example by adding 40 mL of the colloidal Au NPs-Lcysteine seeds solution prepared above, a colour change of the solution from brown to brown slightly reddish was observed. The resultant nanoparticles obtained had a mean diameter of 4 AE 1.5 nm as determined from TEM images analysis and labeled GR1, decreasing volume of the colloidal Au NPs-L-cysteine seeds solution from 40 mL to 25 mL, resulted nanoparticles with mean diameter of 5.5 AE 2 nm as determined from TEM images analysis and labeled GR2. In order to avoid increasing the polydispersity of the samples a successive growth was used, therefore, for GR3 Au NPs-L-cysteine diameter of 7 AE 2.5 nm as determined from TEM images analysis, 20 mL of GR2 Au NPs-Lcysteine solution prepared above were used as seeds and the solution was stirred for approximately 4 h. For the rest of the samples the GR4-G12 the size was determined using SEM. For GR4 Au NPs-L-cysteine diameter of 9 AE 4 nm 20 mL of GR3 Au NPs-L-cysteine were used as seeds (added to 40 mL AuCl 3 0.5 mmol L À1 ). For GR5 Au NPs-L-cysteine diameter of 16 AE 2 nm, 10 mL of GR4 Au NPs-L-cysteine solution were used as seeds.
For GR6 Au NPs-L-cysteine diameter of 46 AE 4 nm, 10 mL of GR5 Au NPs-L-cysteine solution were used as seeds. For GR7 Au NPs-L-cysteine diameter of 56 AE 4 nm, 5 mL of GR5 Au NPs-L-cysteine seeds solution were used. For GR8 Au NPs-L-cysteine diameter of 80 AE 6 nm, 5 mL of GR6 Au NPs-L-cysteine solution were used as seeds. For GR9 Au NPs-L-cysteine diameter of 104 AE 7 nm, 5 mL of GR7 Au NPs-L-cysteine solution were used as seeds. For GR10 Au NPs-L-cysteine diameter of 118 AE 9 nm: 1.5 mL of GR7 Au NPs-Lcysteine were used as seeds (added to 28.3 mL of AuCl 3 0.5 mmol L À1 ). For GR11 (145 AE 18 nm) and GR 12 (195 AE 20 nm) Au NPs-Lcysteine, 5 mL and 1 mL of GR10 Au NPs-L-cysteine solution used as seeds respectively (added to 28.3 mL of AuCl 3 0.5 mmol L À1 ).
2.2.3. Au NPs-CTAB and Au NPs-CTAB/L-cysteine diameter of 20 AE 4 nm and 60 AE 8 nm. Solutions of Au NPs-CTAB, with a mean diameter of approximately 20 nm, were prepared by a previously reported seeding growth method using ascorbic acid as a reducing agent in the presence of CTAB and Au NPs seeds and puried by centrifugation (45 min 11 000 rpm) and redispersion in water. 43 Solutions of Au NPs-CTAB with mean diameters around 60 nm were synthesised in a similar method used for the Au NPs-cysteine solutions, with the only difference that the 20 nm Au NPs-CTAB solutions were used as seeds. Briey, to an aqueous solution (40 mL) of AuCl 3 (0.6 mmol L À1 ) was added 14 mL of 20 nm Au NPs-CTAB and L-cysteine methyl ester hydrochloride (0.5 mmol L À1 ) the mixture was stirred gently aerward 0.33 mL of 115.8 mmol L À1 NH 2 OH, HCl was added and the solution was stirred for approximately 18 h. The resultant nanoparticles obtained had a mean diameter of 60 nm (s ¼ 8 nm).
UV-visible spectroscopy
Optical absorption spectra were obtained on a CARY UV-visible spectrophotometer with a Xenon lamp (300-900 nm range, 0.5 nm resolution).
Particle size and zeta potential measurements
The pristine solutions of Au NPs were measured by dynamic light scattering (DLS). The measurements were undertaken with a Malvern instrument (Zeta sizer Nano Series) at 25 C using the default non-invasive back scattering (NIBS) technique with a detection angle of 173 . Three measurements were made per sample and the standard deviation (s) was calculated, typically s ¼ 1-2 nm.
Transmission electron microscopy
Au nanoparticles were placed on carbon-coated copper grids (Quantifoil, Germany) and dried over night in air, prior to transmission electron microscope (TEM) inspection. The samples were inspected using a JEOL JEM-2100 TEM operating at 200 kV. Micrographs were recorded on a Gatan 1.35 K Â 1.04 K Â 12 bit ES500W CCD camera. TEM images were analysed using Image J soware.
Scanning electron microscopy
Au nanoparticles were deposited from solution onto a Si wafer and dried in air prior to inspection by scanning electron microscope (SEM). The samples were inspected using a FEI 630 NanoSEM equipped with an Oxford INCA energy dispersive X-ray (EDX) detector, operating at 5 kV.
Cell culture and cytotoxicity
Hep G2, Caco-2, PC-3, B16F10 and CT26 cell lines were purchased from the European Collection of Cell Cultures (ECACC), UK. Hep G2 (human hepatocellular carcinoma cell line) and Caco-2 (human colorectal adenocarcinoma cell line) cells were maintained in DMEM medium (Sigma) supplemented with 10% FBS and 2 mM L-glutamine. 44, 45 PC-3 (human prostate carcinoma cell line), B16F10 (mouse melanoma cell line) and CT26 (mouse colon carcinoma cell line) cells were maintained in RPMI medium (Sigma) supplemented with 10% FBS. [46] [47] [48] These cells (passage number < 30) were grown in the incubator (ThermoForma) at 37 C with 5% CO 2 and 95% relative humidity.
The cytotoxicity of Au NPs was estimated using the MTT assay with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma). 46 Hep G2 (20 000 cells per well), Caco-2 (10 000 cells per well), PC-3 (5000 cells per well), B16F10 (1000 cells per well) and CT26 (6000 cells per well) cells were seeded within 200 mL growth media in 96-well plates one day before transfection. Au NPs were incubated with cells for 24 h under the normal growth conditions. Aer incubation, the particle solution was replaced with 200 mL fresh growth medium, and 20 mL MTT stock (5 mg mL À1 in PBS) was added and incubated with cells for 4 h at 37 C. The contents were removed and 100 mL DMSO was added to dissolve the purple formazan products. The data were obtained at 590 nm using a microplate reader. The concentration of Au NPs leading to 50% cell growth inhibition (IC50) was estimated from the plot of the percentage of viable cells versus the concentration of Au NPs for each treatment.
Preparation and characterisation of Au NP$siRNA complexes
A colloidal solution of Au NPs (100 mg mL À1 ) were added into an siRNA solution (siRNA, sense sequence 5 0 -UUC UCC GAA CGU GUC ACG U-3 0 , was obtained from QIAGEN, USA and prepared in RNase-free water following QIAGEN recommendations), at different mass ratios (MRs) of Au NPs to siRNA, followed by 1 h incubation with slightly shaking at RT. The ability of Au NPs to complex siRNA was analysed by gel retardation. 49 Briey, complexes of Au NPs and siRNA (containing 0.25 mg siRNA) at different mass rations (MRs) were loaded onto 1% (w/v) agarose gels in Tris/Borate/EDTA (TBE) buffer containing SafeView (NBS Biologicals, UK). Electrophoresis was performed at 120 V for 30 min and the resulting gels were photographed under UV. In addition, particle sizes and zeta potentials were measured with a Malvern Nano-ZS (Malvern Instruments, UK) at 25 C using the default non-invasive back scattering (NIBS) technique with a detection angle of 173 . 50 Deionised water (0.2 mm membrane-ltered, applied for particle size and zeta potential evaluation) were added to the complexes (Au$siRNA complexes at different MRs) and made up to 1 mL, before measurement. The concentration of siRNA was xed at 1 mg mL À1 .
Fluorescence activated cell sorting
PC-3 cells (50 000 per well) were seeded in 24-well plates and incubated for 24 h under normal growth conditions. Cells were then transfected by 20 nM uorescein-siRNA complexed with GR11 (MR20) and incubated for 24 h in normal growth medium. Fluorescein-siRNA alone was used as the negative control, and uorescein-siRNA complexed with INTERFRin™ (Polyplus) (prepared following the manufacturer's recommendation) was used as the positive control. On the following day, cells were rst treated with CellScrub™ (Genlatins) to remove complexes associated with cell surfaces (uninternalised complexes) according to manufacturer's instructions. The medium was then removed, and cells were washed twice with PBS and trypsinised. Cells were subsequently centrifuged (1000 rpm for 5 min) and were re-suspended in 1000 mL cold PBS in polystyrene round-bottom tubes (Becton Dickinson). Ten thousands cells were measured for each sample following the application of Becton Dickinson FACScalibur manual. Fluorescein-positive cells (%) were displayed by Dot Plot.
Statistics
One-way analysis of variance (ANOVA) was used to compare multiple groups followed by Bonferroni's post hoc test. Statistical signicance was set at *p < 0.05.
Results and discussion
Synthesis and characterisation of positively charged Au NPs
The aim of our study was to form nearly spherical positively charged Au nanoparticles in water, with a wide mean diameter range, avoiding the use of toxic surfactants that may direct the nal shape/size and biocompatibility of the nanoparticles. Typical synthesis methods for the production of positively charged gold nanoparticles employ the cationic surfactant CTAB as a capping and stabilising agent. CTAB forms a bilayer structure around Au NPs, with the inner layer binding to the Au surface via its charged head groups and the adsorbed bilayer leads to a net positive charge on the surface of the nanoparticles. 51 These methods use very high concentration of CTAB that can oen affect the nal size and shape of the nanoparticles formed; for instance, CTAB is the most widely used surfactant for the synthesis of anisotropic multiple shapes of Au NPs such as nanorods or nanoprisms. 52 Previous studies have shown that the presence of CTAB during seed-mediated growth methods leads to the formation of Au nanorods with aspect ratios ranging from 1.5 to 4.5, 53 while the addition of a cosurfactant such as benzyldimethylhexadecylammonium chloride (BDAC) to CTAB yields the formation of a binary surfactant mixture that affects the aspect ratios of the Au nanorods, varying from 4.6 to 10. 54 However, Au-CTAB nanoparticles are known to be highly toxic to different cell lines, due to the presence of excess surfactant. 31, 32, 55 Our hypothesis in this study was that by producing colloidal solutions free of surfactants such as CTAB, low toxic Au NPs with a desired morphology can be obtained. 21 Ultra small Au-L-cysteine methyl ester seeds, with a mean diameter around 2 nm, were obtained by reducing AuCl 3 with ice cold NaBH 4 in the presence of L-cysteine methyl ester hydrochloride as a stabilising agent (Fig. S1 †) . The Au-Lcysteine methyl ester seeds obtained were further used to produce samples GR1 and GR2, by the surface catalysed reduction of AuCl 3 with hydroxylamine hydrochloride, yielding an increased population of the seeds with mean diameters between 4-5 nm. As the cysteine solution contains hydrochloride, AuCl 3 was chosen as a precursor in this study instead of tetrachloroauric acid HAuCl 4 in order to avoid increasing the acidity of the aqueous solution, which would affect the synthesis process and the nal particle size and aggregation state. Data in Table 1 and Fig. S1 † obtained from TEM images show that nanoparticles generated in samples GR1 and GR2 were well below 10 nm (4 AE 1.5 nm and 5 AE 2 nm respectively) with a relatively high large size-polydispersity (PDI > 0.45); most likely due to the excess of NaBH 4 used in the seed solutions causing the formation of some new Au(0) nuclei. The size polydispersity and diverse shape formation was reduced during synthesis, by growing the nanoparticles in a stepwise fashion. [56] [57] [58] [59] [60] Therefore, for the rest of the gold colloidal solutions GR3-GR12 a successive growth method was used and GR2 seeds 5 AE 2 nm were ripened to $7 AE 2.5 nm (GR3), the latter was ripened to form GR4 nanoparticle solutions (diameters 9 AE 4 nm) that were ripened to form GR5 nanoparticle solutions (diameters 16 AE 2 nm) ( Table 1 ). GR6 and GR7 nanoparticle solutions (diameters 46 AE 4 nm and 56 AE 4 nm respectively) were prepared from GR5 solutions by varying the concentration of the nanoparticle seeds. GR6 nanoparticle solutions (diameters 46 AE 4 nm) were ripened to 80 AE 6 nm (GR8 nanoparticle samples). GR9 and GR10 nanoparticle samples (diameters 104 AE 7 nm and 118 AE 9 nm respectively) were prepared from GR7 solutions by varying the concentration of the nanoparticle seeds, and nally GR11 and GR12 nanoparticle samples (diameters 145 AE 18 nm and 195 AE 20 nm respectively) were prepared from GR10 solutions by varying the concentration of the nanoparticle seeds. The successive growth method used in this study allowed us to obtain nearly spherical and sizemonodisperse Au NPs-cysteine samples (GR5-GR12) as conrmed by SEM ( Fig. 2) and DLS (0.07 < PDI < 0.2) analysis ( Table 1) . Table 1 summarises the UV-visible absorption spectroscopy ( Fig. 1) and either TEM or SEM Fig. S1 † and 2 data obtained from the Au NPs. The UV-visible spectra of the seeds showed that the nanoparticles had no clear plasmon band, indicating that they were ultra-small in size, as the plasmon band disappears when the size of Au clusters approaches 2 nm ( Fig. 1(a) ). 61 TEM data also veried that the mean diameter of the seeds was around 1.9 nm (s ¼ 0.4 nm) ( Fig. S1 †) . As the size of the nanoparticles was increased from 4 AE 1.5 nm (GR2) to $80 AE 6 nm (GR8) a slight increase in the absorbance from $0.78 to $1.15 (GR8) was observed, accompanied by a red shi in the plasmon band from 519 to 554 nm. 40, 62 However, when the size of the nanoparticles increased above 80 nm in diameter a decrease in the plasmon absorbance was noticed, i.e. from $1.15 for (GR8) to $0.56 (GR11), with a plasmon band red shi more prominent from 554 nm (GR8) to 607 nm (GR11) when the Au NP diameter increased from 80 AE 6 nm (GR8) to 145 AE 18 nm (GR11). The observed red shi was also accompanied by a further broadening of the absorbance band. The band width (l 0 ) was found to increase by about 24 nm from 70 to 91 AE 3 nm when the mean nanoparticle diameter increased from 4 nm (GR1) to 56 nm (GR7), and by approximately 147 nm from 94 to 251 nm when the mean nanoparticle diameter increased from 56 nm (GR7) to 145 nm (GR11). Finally, the GR12 nanoparticle solutions (diameters $ 195 nm) displayed poorly dened two peaks with a broad absorption between 520-900 nm ( Fig. 1(b) ) 40, 62 The broadening of the absorbance band and peak shi became more pronounced when the size of the nanoparticles increased above 50 nm; this can be explained by the fact that higher oscillation modes (quadrupole, octopole absorption and scattering) may also affect the nanoparticle extinction cross sections with increasing size. 62, 63 The electron microscopy images in Fig. 2 and S1 † show that the nanoparticle diameter distribution widths and circularity were not strongly affected by increasing the diameter (no nanorods or other particular shapes were detected) and therefore comparable diameter distribution widths and nanoparticle circularity to the initial spherical seeds were observed.
UV-visible absorption spectroscopy, EM and DLS
Dynamic light scattering
DLS, combined with electron microscopy can provide a full physical characterisation of colloidal dispersions of Au NPs for Fig. 1 (a) biomedical applications. The zeta potential measurements can also be measured by DLS. Fig. 3(a) shows the size distribution, by intensity, of samples GR5, GR7, GR8, GR9, GR11 and GR12 and Fig. 3(b) highlights the zeta potentials (mV) of all of the Au NPs-cysteine solutions synthesised in this study. For Au NP samples with diameters below 10 nm (GR1-GR4), size distributions were difficult to measure by DLS; samples GR1-GR4 were slightly size-polydisperse with a polydispersity index (PDI) around 0.53 AE 0.06. However, larger nanoparticle samples GR5 (16 nm) to GR12 (195 nm) were nearly size-monodisperse with a PDI around 0.13 AE 0.06, and a measured hydrodynamic diameter (D h ) very close to the diameters obtained from EM analysis (see Table 1 ). The zeta potential of all of the nanoparticle samples prepared in this study showed a positive value around +39 AE 5 ( Fig. 3(b) and S2 †) indicating that the nanoparticles were successfully coated with a positively charged capping layer of L-cysteine methyl ester hydrochloride (0.5 mmol L À1 ), which provided colloidal stability.
Cytotoxicity
A comparison of the cytotoxicity of Au nanoparticle solutions of GR5, GR7, GR8, GR9, GR11 and GR12 with Au NPs-CTAB samples was performed using a range of human and murine cells ( Fig. 4 and Table S1 †). The cytotoxicity of Au NPs was studied using an MTT assay. In the PC-3 cell line, GR5, GR7, GR8, GR9, GR11 and G12 samples displayed IC50 values of 8. death compared to non-CTAB Au-L-cysteine nanoparticles ( Fig. 4 and Table S1 †). Cationic Au nanoparticles in general have been reported to cause high toxicity, 64 and demonstrate in vivo instability due to aggregation followed by non-specic uptake by the mononuclear phagocytic system (MPS, also known as the reticuloendothelial system (RES)). 65 One of the best characterised methods to improve the biocompatibility and in vivo stability of cationic Au NPs is the addition of polyethylene-glycol (PEG, a highly soluble, non-toxic and non-immunogenic polymer, approved for use by the Food and Drug Administration (FDA)).
Formation of Au NP$siRNA complexes
Recently, Au NPs have been functionalised by graing cationic polymers and biomolecules onto the surface of gold in order to bind negatively charged nucleic acid via electrostatic interaction achieving a complex. 16, 17, 66 In addition, thiol (SH)-functionalised nucleic acids have also been used to attach nucleic acid onto Au NPs thus forming a complex due to the high affinity of thiol to gold to produce AuNP-thiolates (Au-S). [67] [68] [69] [70] In this study siRNA was chosen to examine the capacity of Au NPs to deliver nucleic acids. The formation of Au NP$siRNA complexes through the interaction between the positively charged amino groups on the surface of the Au NPs and negatively charged siRNA was examined by gel retardation (Fig. 5 ). As can be seen from Fig. 5 the complete complexation of siRNA with GR11 nanoparticle samples took place from a mass ratio (MR) of 20 onwards. The complexation of siRNA using Au NPs with smaller diameters (<100 nm) was not as efficient as with larger NPs (>100 nm) ( Fig. S3 †) , suggesting that siRNA did not easily complex around small particles because of the stiff rod-like structure of siRNA. 71 The GR11$siRNA complex at MR20 demonstrated a cationic surface ($+25 mV), in comparison with negatively charged counterparts at MR5 and 10 ($À22 and À11 mV, respectively), conrming that siRNA was efficiently complexed with GR11 at MR20 onwards (Fig. 5 ). In addition, the mean diameters of GR11$siRNA complexes at MR20 in DI water were in the diameter range of 155 AE 15 nm; whereas, a signicant increase in size (>1000 nm) occurred for GR11$siRNA complexes at MR5 and MR10. These data suggest that the positively charged formulation effectively prevented aggregation in comparison with the negatively charged counterparts, indicating that cationic materials may remain stable in solution. 72 However, previous studies have shown that aggregation of positive complexes is time dependent. 73 In addition to improving cell viability, PEGylation has been reported to stabilise complexes against salt-, protein-and complement-induced inactivation by steric effects as well as by shielding surface charges. 39, 74, 75 Future studies will produce PEGylated Au-L-cysteine nanoparticles and will examine the physicochemical, in vitro and in vivo proles of these vectors for siRNA delivery.
Internalisation of Au NP$siRNA complexes
Fluorescein-siRNA was used to study the internalisation of Au NP$siRNA complexes in PC-3 cells. The uorescein-siRNA formulated with GR11 (MR20) signicantly increased cellular uptake compared to uorescein-siRNA alone; in addition, GR11 Fig. S4 †) , suggesting that the Au NPs were able to deliver nucleic acids into the cells. In addition, further bioconjugation via the ammonium group and hydroxyl protected (o-methyl ester) functional group on the surface of these Au NPs can be used to improve intracellular trafficking of nucleic acids into the cytoplasm, in the case of antisense oligodeoxynucleotide (ODN), siRNA and microRNA (miRNA), or the nucleus, in the case of plasmid DNA and short hairpin RNA (shRNA), with the overall aim of regulating gene expression. 76 
Conclusions
Positively charged, surfactant-free and nearly spherical Au NPs have been synthesised in water with a wide range of diameters (2 to 200 nm) and narrow diameter distributions 10-15% (with the exception for the sizes below 10 nm), using a controlled seed mediated growth approach. These Au NPs showed sizedependent optical properties making them very suitable for photonic and bioimaging applications. The presence of L-cysteine methyl ester hydrochloride (HSCH 2 CH(NH 2 ) COOCH 3 $HCl) on their surface with a mercapto group (-SH) anchoring the cysteine to the nanoparticles and an ammonium group (-NH 3 + ) formed by the presence of an amine group in slightly acidic media confer positive charges to the resulting Au NP as conrmed from the zeta potential measurements (z-potential +33 to +49 mV). In addition, cytotoxicity studies performed in a range of human and murine cell lines demonstrated that the surfactant-free positively charged Au NPs synthesised in this study were less cytotoxic than Au-CTAB nanoparticles. Furthermore, Au NPs with diameters over 100 nm formed effective complexes with nucleic acids. In comparison with commercially available transfection reagent, these complexes demonstrated similar capacity to deliver nucleic acids, in terms of cellular uptake of uorescein siRNA.
Moreover, the presence of the ammonium group and hydroxyl protected (o-methyl ester) functional group on the surface of these Au NPs indicates the potential of Au NPs-L-cysteine methyl ester for further chemical bioconjugation to facilitate active targeting, receptor mediated delivery and improved intracellular trafficking in vitro and in vivo. Studies to evaluate the physicochemical properties, and the in vitro and in vivo performance of PEGylated and functionalised Au-L-cysteine nanoparticles as non-viral vectors for nucleic acid delivery are now in progress.
